Imipenem and its renal dehydropeptidase I inhibitor, cilastatin, were coadministered intravenously in a 1:1 ratio to 30 newborns. Five infants each received single doses of 10, 15, or 20 mg/kg of both drugs. Concentrations in plasma were proportional to the administered dose, and cilastatin achieved consistently higher concentrations than did equivalent doses of imipenem because of its smaller volume of distribution. The pharmacokinetics of both drugs were best described by a one-compartment model. The plasma half-lives of imipenem were 1.7 to 2.4 h, whereas those of cilastatin were 3.9 to 6.3 h. The plasma clearance of cilastatin was approximately one-quarter Imipenem is a beta-lactam antibiotic with a carbapenem nucleus (5). It has excellent activity against aerobic and anaerobic gram-positive and gram-negative bacteria (1, 4, 8, 13) . Cilastatin (MK0791) is an inhibitor of dehydropeptidase I, the renal tubular brush border enzyme that inactivates imipenem (9). The coadministration of imipenem and cilastatin increases the urinary recovery of imipenem and, to a lesser extent, its concentration in plasma (9). In experimental animals, the combination appears to prevent the nephrotoxicity associated with the administration of imipenem alone (3).
Imipenem is a beta-lactam antibiotic with a carbapenem nucleus (5) . It has excellent activity against aerobic and anaerobic gram-positive and gram-negative bacteria (1, 4, 8, 13) . Cilastatin (MK0791) is an inhibitor of dehydropeptidase I, the renal tubular brush border enzyme that inactivates imipenem (9) . The coadministration of imipenem and cilastatin increases the urinary recovery of imipenem and, to a lesser extent, its concentration in plasma (9) . In experimental animals, the combination appears to prevent the nephrotoxicity associated with the administration of imipenem alone (3) .
By virtue of its high in vitro potency against Escherichia coli, streptococci, Staphylococcus aureus, Listeria monocytogenes, Pseudomonas aeruginosa, and enterococci (1, 2, 4, 8) , imipenem potentially might be the most useful single agent for initial, empirical treatment of neonatal infections. Imipenem provides broader coverage than the standard ampicillin-plus-aminoglycoside regimen while reducing the potential toxicities of antibiotic combinations to the newborn.
This study was undertaken to determine the pharmacokinetic properties of both imipenem and cilastatin (primaxin) in neonates.
MATERIALS AND METHODS
Study patients. The study population consisted of 30 newborn infants born at Parkland Memorial Hospital, Dallas, Tex., who were being treated with ampicillin and gentamicin for suspected sepsis (Table 1) . After informed, written consent was obtained from the parents, one to eight doses of imipenem-cilastatin (in a 1:1 ratio) were administered intravenously. Complete blood counts were obtained at the start of the study and again after the last dose of imipenem-cilastatin was infused. Serum creatinine, urinalysis, and other laboratory studies were performed as required by the condition of the patients.
The infusion solutions were prepared by mixing equal amounts (in milligrams) of imipenem (powder form) and * Corresponding author. cilastatin (liquid form) and then diluting the resulting slurry in sufficient sterile saline to achieve a final concentration of 5 mg/ml for both drugs. The consistency of this preparation method was evaluated by measuring the concentrations of both imipenem and cilastatin in specimens from seven different infusion solutions.
A single dose of imipenem-cilastatin was infused intravenously over 60 min in Extraction of the two compounds from serum samples (0.3 ml) was accomplished simultaneously by using a two-phase procedure involving acetonitrile precipitation and methylene chloride concentration (12) .
Imipenem was analyzed on a reverse-phase Hypersil-ODS column ( Serum standards were prepared by spiking pooled human sera with both drugs to achieve a wide range of concentrations. Linear regression equations were determined by generating standard curves with peak heights versus drug concentrations. Imipenem and cilastatin levels in the study patients were then calculated from the regression equations. The lowest detectable concentration for either drug was 1.0 ,ug/ml.
Both imipenem and cilastatin were well separated from endogenous serum compounds with retention times of 2.5 and 5.3 min, respectively, for each high-pressure liquid chromatography separation mode.
The intra-assay precision of the methods was evaluated for both compounds by measuring a known standard extracted and analyzed 10 times in the course of a day. The coefficients of variation for both imipenem and cilastatin were 2.7 and 5.7%, respectively.
Pharmacokinetic analysis. The postinfusion concentrations of imipenem and cilastatin in serum for each infant were initially fitted to both one-and two-compartment models. When the two-compartment model did not provide a significantly better fit compared with the one-compartment model (F-statistic, P > 0.05), the latter model was used to calculate the pharmacokinetic values.
For the one-compartment model, the equation for the nonlinear regression line was determined by the method of least mean squares (11 (7) and then corrected for the infusion time (6) . Statistical analysis. For the single-dose study, the concentrations in plasma at the various postinfusion times and the calculated pharmacokinetic parameters for the different dosage regimens were compared by using the Kruskal-Wallis test. Differences between imipenem and cilastatin concentrations and pharmacokinetic parameters for individual patients within each group were analyzed with the pairedsample Student t test. For the multiple-dose study, the concentrations at various postinfusion times and pharmacokinetic parameters of both imipenem and cilastatin for individual patients determined after one or two doses and again after five to eight doses were compared by using the pairedsample Student t test. Correlation coefficients between the plasma half-life and both weight and gestational age were determined for imipenem and cilastatin, and the significance of the correlations was analyzed with the Student t test (15) .
RESULTS
Reproducibility of reconstitution technique. Consistent concentrations for both drugs were obtained from seven infusion solution specimens, with coefficients of variation of 3.4 and 6.7% for imipenem and cilastatin, respectively. There was no added benefit to vortexing the infusion solution for 1 min, as compared with manual mixing.
Single-dose pharmacokinetics. Of 15 newborns receiving a single dose of imipenem-cilastatin, one infant was eliminated from analysis because of erratic concentrations in plasma.
Concentrations of both ilnipenem and cilastatin in plasma were directly proportional to the administered dose (Fig. 1) . The peak concentrations of imipenem in plasma were achieved at the end of the 60-min infusion in 12 of 14 neonates and at 0.5 h in the remaining two neonates. Cilastatin peak concentrations occurred at 0, 0.5, and 1 h in seven, six, and one infants, respectively. The pharmacokinetics of imipenem were equally well described by one-and two-compartment models in 13 of 14 newborns and by only a one-compartment model in one infant. While the concentrations of imipenem in plasma increased with larger infused doses, only those measured at 0, 0.5, 1, and 2 h for the 10-and 20-mg/kg regimens were significantly different (P < 0.05). The AUC increased and the V decreased at larger doses, but significant differences were detected only between the 10-and 20-mg/kg regimens (P < 0.05). The plasma half-life gradually decreased from 2.4 to 1.7 h (P > 0.05) ( Table 2 ). There was considerable intersubject variability within each dosage group.
The concentrations of cilastatin in plasma increased with increasing dosage, but statistically significant differences in concentration (P < 0.05) were detected only between the 10-and 20-mg/kg groups except for the concentrations measured 8 h postinfusion (P > 0.05). Cilastatin pharmacokinetics could be described only by a one-compartment model in 6 of 14 (43%) infants, whereas the parameters derived from either model were not statistically different in the remaining eight. The AUC was larger with larger doses, but significant increases were noted only between the 10-and 20-mg/kg groups (P < 0.05). The half-life, V, and CLp for the three dosage groups were not significantly different (P > 0.05).
Cilastatin achieved higher concentrations in plasma than did equivalent doses of imipenem (one-tailed Student t test, P < 0.05). Cilastatin also had a longer half-life (P < 0.05), larger AUC (P < 0.025), smaller V (P < 0.025), and smaller CLp (P < 0.0025) than equivalent doses of imipenem ( Table   2 ). The clearance of cilastatin from plasma was only 25 to 30% of that of imipenem for each of the three dosage groups. As for imipenem, there was considerable intersubject variability within each dosage group.
Multiple-dose pharmacokinetics. The mean concentrations of imipenem in plasma were similar when measured after one or two intravenous doses (day 1) or on day 3 or 4 after five to eight doses were infused (P = 0.14 to 0.98 for all sampling times) (Fig. 2) . Peak concentrations in plasma were achieved at the end of the intravenous infusion in most infants. The predose (trough) concentrations were undetected in all but three infants, the highest measured concentration being 2.7 pg/ml.
At 0 h on day 3 or 4, the mean concentrations of cilastatin in plasma were significantly higher than the values on day 1 (one-tailed Student t test, P < 0.01). The concentrations measured at later times were similar (P = 0.59 to 0.85 for the various sampling times) (Fig. 2) . Predose concentrations of cilastatin were detected in two-thirds of the infants on day 1 (maximum, 26.1 ,ug/ml) and in 92% of the infants on day 3 or 4 (maximum, 39.1 ,ug/ml).
The concentrations of imipenem and cilastatin measured at 0.5 h after dose 3 or 4 (day 2) were 29.4 ± 10.2 ,ug/ml and 72.1 ± 18 p.g/ml, respectively. These values were comparable to the 0.5-h concentrations of both drugs on day 3 or 4. Imipenem pharmacokinetics after multiple doses could be described only by a one-compartment model in two-thirds of the study patients and were described equally well by either the one-or two-compartment models in the remaining infants. After multiple administrations, the peak concentrations of imipenem in plasma slightly increased, whereas the plasma half-life (P = 0.08), AUC (P = 0.63), V (P = 0.21), and CLp (P = 0.25) remained unchanged ( Table 3 ). The intersubject variability was large for all parameters. There was an inverse correlation between plasma half-life and both weight (r = -0.69, P = 0.009) and gestational age (r = -0.77, P = 0.002) (Fig. 3) .
Cilastatin pharmacokinetics after multiple doses could be described only by a one-compartment model in 44% of the instances. In contrast to the data for imipenem, there was a significant decrease in plasma half-life (P < 0.005) and V (P < 0.01) after repeated administrations of cilastatin (onetailed Student's t test). Using individual patient data, we found that the plasma clearance and AUC of cilastatin also changed significantly after multiple administrations (P = 0.05 and P = 0.002, respectively; two-tailed Student t test). The peak concentration in plasma, plasma half-life, and the AUC for cilastatin were 2.4, 2.9, and 6.3 times larger, respectively, than those for imipenem when measured on e Numbers in parentheses indicate the number of patients whose pharmacokinetic parameters were best described by a two-compartment model.
both day 1 and day 3 or 4 ( Table 3 ). The plasma clearance of cilastatin was only 20% of that of imipenem. The intersubject variability was larger for cilastatin than for imipenem. There was an inverse correlation between plasma half-life and both weight (r = -0.72, P = 0.006) and gestational age (r = -0.80, P = 0.001) (Fig. 3) . Urinary concentrations. The first spontaneously voided urine specimens were collected between 0 and 8 h after the end of the intravenous infusions. The urinary concentrations of imipenem ranged between 49 and 894 ,ug/ml, with a mean + standard deviation of 339 ± 218 ,ug/ml and a median of 307 ,ug/ml. The urinary recovery during the 0-to 8-h postinfusion period ranged between 1 and 24% of the administered dose. For cilastatin, the urinary concentrations ranged between 72 to 2,570 ,ug/ml, with a mean ± standard deviation of 690 ± 549 ,ug/ml and a median of 536 ,ug/ml. The urinary recovery for the 0-to 8-h postinfusion period ranged between 3 and 61% of the administered dose.
Safety and tolerance. The intravenous infusion of both drugs was well tolerated without any apparent clinical or laboratory adverse effects. None of the study patients developed thrombophlebitis related to imipenem-cilastatin administration. trations after larger infused doses, and cilastatin consistently achieved higher concentrations than those observed with equivalent doses of imipenem because of its smaller apparent volume of distribution.
DISCUSSION
Nonparametric analysis of variance was used for comparing the different groups in this report because of the small number of patients and the large variability within each group. This more conservative approach led to the dismissal of several apparent differences in concentrations in plasma and pharmacokinetic parameters between the various groups as not significant statistically. Repeated trials with larger numbers of patients will probably permit the detection of additional significant differences between the different dosage regimens.
Imipenem did not accumulate in plasma after repeated administrations, as evidenced by undetectable trough concentrations in the majority of infants and similar mean concentrations in plasma at different postinfusion times after one or two doses and after five to eight doses.
The mean trough concentrations of cilastatin after the infusion of one or two doses was 19.7 ,ug/ml, but there was no evidence of further accumulation in plasma. The mean concentrations in plasma at various times were similar on the first and last days of the study.
Studies in healthy adult volunteers indicate that the plasma half-lives of both drugs are approximately one h (9, 10; G. A. Verpooten, L. Verbist, and M. E. DeBroe, Proc. Int. Congr. Chemother. 13th, Vienna, Austria, p. 95/38-95/45, 1983), which is considerably shorter than those observed in neonates. The half-life was more prolonged in premature infants than in full-term infants and was longer for cilastatin than for imipenem. The half-lives of both drugs are increased in adults with different degrees of renal failure, but cilastatin has a more prolonged half-life than imipenem (Verpooten et al., 13th ICC, 1983). Neonates in general, and premature infants in particular, are characterized by low glomerular filtration rates comparable to those in adults with moderate or severe renal insufficiency (Verpooten et al., 13th ICC, 1983 ). This may account for the observed discrepancies in the half-lives of both drugs in newborns.
The urinary concentrations of imipenem were lower than those of cilastatin in our study patients, despite more rapid clearance of imipenem from plasma. This may be explained by an extrarenal pathway of imipenem metabolism that is not inhibited by cilastatin administration (3, 9) .
Maximal urinary recovery of imipenem in adults can be achieved by an imipenem-to-cilastatin ratio of 1:0.25 (9) . Increasing the amount of cilastatin relative to that of imipenem does not affect the total urinary recovery of imipenem but only prolongs the inhibition of its metabolism. The plasma clearance of cilastatin in neonates is only 20 to 30% of that for imipenem. Thus, an imipenem-to-cilastatin ratio of 1:0.25 might achieve maximal urinary recovery of the antibiotic and prolonged inhibition of its metabolism comparable to that observed with the 1:1-ratio formulation used in our patients.
The physiologic role of dehydropeptidase I is unclear. Welch and Campbell (14) suggested that the enzyme might play a role in retaining essential amino acids by hydrolyzing filtered dipeptides that would otherwise be excreted in the urine. The effects of enzyme inhibition by cilastatin on neonatal homeostasis are unknown.
Further studies with imipenem-cilastatin in its current formulation or in a different ratio of imipenem to cilastatin are necessary before this antibiotic can be routinely used for the treatment of neonatal infections.
